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Abstract
Background: Melon is a very important horticultural crop produced worldwide with high phenotypic diversity.
Fruit size is among the most important domestication and differentiation traits in melon. The molecular
mechanisms of fruit size in melon are largely unknown.
Results: Two high-density genetic maps were constructed by whole-genome resequencing with two F2
segregating populations (WAP and MAP) derived from two crosses (cultivated agrestis × wild agrestis and cultivated
melo × cultivated agrestis). We obtained 1,871,671 and 1,976,589 high quality SNPs that show differences between
parents in WAP and MAP. A total of 5138 and 5839 recombination events generated 954 bins in WAP and 1027
bins in MAP with the average size of 321.3 Kb and 301.4 Kb respectively. All bins were mapped onto 12 linkage
groups in WAP and MAP. The total lengths of two linkage maps were 904.4 cM (WAP) and 874.5 cM (MAP), covering
86.6% and 87.4% of the melon genome. Two loci for fruit size were identified on chromosome 11 in WAP and
chromosome 5 in MAP, respectively. An auxin response factor and a YABBY transcription factor were inferred to be
the candidate genes for both loci.
Conclusion: The high-resolution genetic maps and QTLs analyses for fruit size described here will provide a better
understanding the genetic basis of domestication and differentiation, and provide a valuable tool for map-based
cloning and molecular marker assisted breeding.
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Background
Melon (Cucumis melo L., 2n = 24) is a very important
economic crop with a diverse phenotypic variation in
fruit, and is cultivated globally with more than 32 mil-
lion tons’ yield produced in 2017 (FAOSTAT; http://
faostat.fao.org). The market value of melon is influenced
by fruit quality in terms of fruit size, fruit shape, flesh
color, skin color and flavor, which is mainly determined
by sugar content, acidity and the aroma profile [1–3].
Based on ovary pubescence, melon was classified into
two subspecies, Cucumis melo ssp. melo and Cucumis
melo ssp. agrestis, and then further divided into 16 horti-
cultural groups according to morphological variations of
fruit [1]. C. melo ssp. melo is cultivated worldwide,
whereas C. melo ssp. agrestis is concentrated in East
Asia.
A key step to detect QTLs and perform gene map-
ping is the construction of a reliable genetic map. In
the past, several genetic linkage maps from different
populations were constructed using a very limited
number of markers as simple sequence repeats (SSRs),
amplified fragment length polymorphisms (AFLPs),
and random amplified polymorphic DNA (RAPD) [4–
8]. These maps were mainly used to detect QTLs for
disease-resistance and agronomic traits [9–12]. Melon
genome was released in 2012 [13] and significantly
improved based on a high-resolution genetic map,
which employed 580 single nucleotide polymorphisms
(SNPs) anchoring 354.8 Mb sequences [14]. This laid
a foundation of high-resolution maps in melon. To
integrate information from previous research into the
melon draft genome, 836 genetic markers including
SSRs and SNPs of the consensus map were mapped
onto the improved melon genome [15]. Notably, the
rapid advance in next-generation sequencing made it
possible to use SNP markers and more accurate geno-
typing to construct ultra-high-density genetic maps.
The recent findings of independent domestication
events in melon suggested that SNP discovery in di-
verse melon botanical groups will advance our under-
standing of the genetic mechanisms of diversification
and domestication as shown in several studies [14–
17]. There were genetic maps constructed with SNP
markers by genotyping-by-sequencing (GBS) and
RNA-Seq to identify QTLs controlling fruit quality
[18, 19]. However, the high-density genetic map based
on whole-genome resequencing suitable for QTL ana-
lysis of domestication traits is unavailable to date.
Fruit size is among the most important domestication
and differentiation traits in melon. Only few known
genes associated with fruit size have been reported in
melon [16] although some genes have been identified
for disease resistance [20, 21], fruit monoecy [22, 23],
flesh color and peel color [24, 25].
Whole-genome resequencing (WGR) is a very useful
approach for genetic map construction and fine-
mapping of genes. According to our previously research,
the two subspecies (agrestis and melo) were domesti-
cated independently and have a strong population differ-
entiation [16]. So, we constructed two F2 mapping
populations derived from the crosses ‘JL475’ × ‘YS474’
(cultivated agrestis × wild agrestis, WAP for domestica-
tion analysis) and ‘HG118’ × ‘SD119’ (cultivated melo ×
cultivated agrestis, MAP for differentiation analysis). The
aim of this study was to construct high-density genetic
maps using WGR and explore QTLs in the process of
melon domestication and differentiation. These genetic
maps will assist future breeding programs by facilitating
the design of marker-assisted selection of melon.
Results
Analysis of resequencing data and variation calling
We used two F2 segregating populations to explore the
inherent biological mechanisms. One population was
generated from a cross ‘JL475’ (C. melo ssp. agrestis var.
chinensis) and a wild agrestis accession ‘YS474’ (C. melo
ssp. agrestis var. agrestis) (WAP), while the other popu-
lation was generated from a cross between inbred lines
‘HG118’ (C. melo ssp. melo var. chandalak) and ‘SD119’
(C. melo ssp. agrestis var. conomon) (MAP) (Fig. S1).
Both the parents and their progenies were sequenced
with an average depth of 29.5× and 7.0× (Table S1), re-
spectively. A total of 597 Gb of clean sequencing data
was generated for analysis.
After mapping the short reads against the melon gen-
ome, we obtained a comprehensive variation set of the
whole genome and observed various distribution of vari-
ations among the four parental lines on the genome (Fig.
S2). The different genomic landscape of variations may
be due to the difference in genomes between the se-
quenced germplasm and reference genome. To explore
the loci among the progeny, we only kept the SNPs that
were bi-allelic, homozygous and polymorphic between
parents. In the end, 1,871,671 and 1,976,589 SNPs were
selected for further analysis in WAP and MAP popula-
tions, respectively.
Construction of high-resolution genetic maps
We imported the identified SNPs into a hidden Mar-
kov model (HMM) to search recombination events.
As a result, 5138 recombination events with an aver-
age of 25.7 per individual were observed in WAP
(Fig. 1a), and a slightly higher total (5839) and aver-
age number (29.2) were observed in MAP (Fig. 1b).
We obtained 954 unique bins in WAP (Fig. S3) and
1027 unique bins in MAP (Fig. S4), respectively. All
the unique bins were anchored on 12 linkage groups
corresponding to 12 chromosomes. The size of bins
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ranged from 50.2 Kb to 6.3 Mb with an average of
321.3 Kb and covered 86.6% (306.5 Mb) of the an-
chored melon genome in WAP. Correspondingly, the
bins’ size ranged from 30.0 Kb to 5.7 Mb with an
average of 301.4 Kb and covered 87.4% (309.6 Mb) of
the anchored melon genome in MAP. The genetic
distance covered by the unique bins is 904.4 cM in
WAP and 874.5 cM in MAP (Table 1). Furthermore,
the bin map was integrated with the physical map
based on the reference genome, and a high
consistency between the genetic and physical
positions was observed in both WAP and MAP
(Figs. 1c and d), indicating high accuracy of the con-
structed maps.
Identification of segregation distortion regions
Segregation distortion regions (SDRs) are frequently
found in genetic maps obtained in plants such as potato,
cotton and cucumber [26–28]. We also investigated the
SDRs of WAP and MAP, both in gametic and zygotic
stage (Figs. 2a and b), and observed 7 SDRs with a
length of 8.8 Mb in WAP, and 16 SDRs with a length of
Fig. 1 High density genetic maps of WAP and MAP. a Recombination map of the cross ‘JL475’ (C. melo ssp. agrestis var. chinensis) and a wild
agrestis accession ‘YS474’ (C. melo ssp. agrestis var. agrestis) (WAP), which contains 200 individuals. Blue, female (‘JL475’) allele; gray, unknown;
yellow, heterozygous; red, male (‘YS474’) allele. b Recombination map of the cross between inbred lines ‘HG118’ (C. melo ssp. melo var. chandalak)
and ‘SD119’ (C. melo ssp. agrestis var. conomon) (MAP), which contains 200 individuals. Blue, female (‘HG118’) allele; gray, unknown;yellow,
heterozygous; red, male (‘SD119’) allele. c Integration of physical (left) and genetic (right) maps in WAP. Black short lines represent the genetic
and physical positions of the bin markers. d Integration of physical (left) and genetic (right) maps in MAP. Black short lines represent the genetic
and physical positions of the bin markers
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10.0Mb in MAP, respectively. Interestingly, all the SDRs
in WAP tend to be present in the male genotype (Table
S2), but a different tendency was observed in various
SDRs in MAP (Table S3). We further performed gene
ontology (GO) analysis to study the functional categories
of genes in the SDRs. Genes in SDRs of WAP were
enriched in UDP-3-O-[3-hydroxymyristoyl] N-
acetylglucosamine deacetylase activity, response to biotic
and abiotic stimulus (Table S4), which are associated to
plant resistance. However, in MAP, genes located in
SDRs were enriched in ‘apoplast’, ‘cell wall’, ‘xyloglucosyl
transferase activity’ and ‘cellular glucan metabolic
process’ (Table S5), which may be involved in the differ-
entiation of the agronomic traits between melo and
agrestis.
Validation of the high-resolution mapping with known
traits
We identified two overlapping QTLs on chromosome 2
in WAP for fruit length and fruit shape with a pheno-
typic variance explaining of 23.5% (LOD = 14.6) and
Table 1 Construction of high-dense genetic maps of WAP
(‘JL475’ × ‘YS474’) and MAP (‘HG118’ × ‘SD119’)
Chr Number of bins Genetic length (cM)
WAP MAP WAP MAP
Chr1 85 86 93.86 74.92
Chr2 74 70 70.57 73.14
Chr3 90 98 63.03 78.66
Chr4 94 109 97.01 68.04
Chr5 64 79 85.78 67.94
Chr6 90 108 88.61 84.08
Chr7 79 64 88.95 66.44
Chr8 91 92 70.30 78.61
Chr9 65 74 67.02 61.25
Chr10 62 73 49.89 62.42
Chr11 99 96 73.76 78.73
Chr12 61 78 55.65 80.26
Total 954 1027 904.43 874.49
Fig. 2 Genome-wide segregation distortions. The segregation distortion regions of bins at the zygotic and gametic stages in the F2 populations
of WAP (‘JL475’ × ‘YS474’) (a) and MAP (‘HG118’ × ‘SD119’) (b). The left y-axis represents the –log(P) and log(P) for the χ2 value of each bin at the
zygotic (red) and gametic (blue) stages, respectively. The black curves indicate the number of recombination events per 3 Mb. The dash lines
show the P = 0.01 in the Chi-square test
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13.8% (LOD = 8.4) (Fig. 3a), respectively. Interestingly,
we observed that CmACS7, encoding an ACC synthase
and controlling the monoecy to andromonoecy by an al-
lelic variant [22], was harbored in the overlapping re-
gion. Monforte et al. [29] reported that CmACS7 had
pleiotropic effects on fruit length and size, suggesting
CmACS7 might be the logical candidate for the two
QTLs. CmOr is responsible for the non-orange and or-
ange flesh by inducing β-carotene accumulation in
melon [24, 29]. We also identified CmOr by QTL-
mapping for flesh color with a phenotypic variance
explaining of 8.6% (LOD = 5.2) on chromosome 9 in
WAP (Fig. 3b). In summary, the above QTLs were
mapped precisely or adjacent to known causative genes
influencing fruit size and flesh color, demonstrating the
reliability of our genetic maps.
Identification of candidate genes for fruit size
We analyzed some important traits (fruit weight, fruit
diameter and fruit length) related to fruit size by using
the high-resolution and reliable genetic maps. The fre-
quency distributions of fruit weight, fruit diameter and
fruit length of the two F2 populations obeyed normal
distributions (Fig. S5), which indicated they were quanti-
tative traits controlled by multiple nuclear genes. We
observed a 130.8 Kb overlapping region on chromosome
11 between two QTLs for fruit diameter (LOD = 6.6)
and fruit weight (LOD = 5.5) in WAP, which explained
8.97% and 8.01% of phenotypic variance, respectively
(Fig. 4a). Furthermore, the nucleotide diversity of this
interval was significantly reduced in the cultivated agres-
tis group compared with wild agrestis, suggesting that it
may have been selected during melon domestication
(Fig. 4b). MELO3C025758, encoding an auxin response
factor (ARF), was detected in the overlapping region.
We also verified this candidate gene using a new method
called GradedPool-Seq mapping (GPS-mapping) [30].
This method is modified from bulked-segregant analysis
(BSA), and can be used in QTL mapping efficiently. In
this method, the F2 progenies are classified into several
graded bulks according to their phenotypic data, and
then, the individuals from each bulk are mixed to pro-
vide sufficient genomic coverage for sequencing. Using
Ridit analysis, the p value between each variation and
graded pool is calculated. After filtering and noise re-
moval, the QTLs related to the target phenotypes are
mapped. As a result, we also identified MELO3C025758
in the QTLs of both fruit weight (Fig. S6a) and fruit
diameter (Fig. S6b) with GPS-mapping analysis.
To further exploit the function of this gene, we
searched the orthologs of MELO3C025758 in other spe-
cies as orthologous genes are generally assumed to retain
equivalent functions in different organisms [31]. As a
consequent, we selected the best hits for ortholog genes
from seven plant species to construct a phylogenetic tree
(Fig. 4c). We found that the orthologs AT5G60450 in
Arabidopsis, Solyc11g069190 in tomato and Cla000557
in watermelon were involved in the regulation of fruit
development [32–34].
With the resequencing data, we also found two adjoint
SNPs (Chr11:25,735,961 and Chr11:25,735,962) that
showed polymorphism between ‘JL475’ (cultivated agres-
tis) and ‘YS474’ (wild agrestis) (Fig. 4d) and totally linked
in F2 progenies, that located in the tenth exon of
MELO3C025758. The former SNP (Chr11:25,735,961)
leads to a non-synonymous mutation from Gln (Q) to
Fig. 3 Validation of QTL mapping with known genes (CmACS-7 and CmOr) in WAP (‘JL475’ × ‘YS474’). a A multiple-effect QTL was identified for
fruit length and fruit shape. CmACS-7 gene was harbored in the overlapping region (shown with a green arrow). b A candidate QTL was
identified for flesh color in chromosome 9. The position of the CmOr gene was shown with a green arrow
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Fig. 4 (See legend on next page.)
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Glu (E), which located in a conserved domain in dicoty-
ledon that we selected to construct the phylogenetic
tree. So, we think this mutation in a conserved domain
may affect the function of MELO3C025758; nevertheless,
we recognize that further experiments are required to
verify such assumption. Besides the non-synonymous
mutation in a conserved domain, we hypothesize that
these two adjoint SNPs may affect the expression of
MELO3C025758. To verify this hypothesis, we analyzed
the expression pattern of this gene in flesh tissue (15
days after pollination) in 9 diverse melon accessions in-
cluding 6 cultivated agrestis (Chinese landraces from the
group C. melo ssp. agrestis var. chinensis) and 3 wild
agrestis accessions (PI 532829, PI 406737, PI 536473). As
a result, MELO3C025758 exhibited a higher expression
in wild agrestis than that in cultivated agrestis (Fig. 4e),
and the expression levels had a significant negative cor-
relation with fruit weight (R2 = 0.92) (Fig. S7a) and fruit
diameter (R2 = 0.71) (Fig. S7b). Furthermore, the individ-
uals in F2 population with cultivated type in the adjoint
SNPs showed significantly higher phenotype values than
those individuals with wild type both in fruit weight and
fruit diameter (Figs. 4f and g). To summarize,
MELO3C025758 may be a candidate gene that play a
key role in melon fruit size and further investigation is
required to understand its function.
In addition, we identified a QTL for fruit weight
(LOD = 3.06) and fruit length (LOD = 4.30), covering a
region of 115.9 Kb on chromosome 5 in MAP, which ex-
plained 6.01% and 8.01% of phenotypic variance, respect-
ively. In this region, MELO3C004493 encoded a YABBY
transcription factor (Fig. 5a). Its orthologues
AT2G26580 in Arabidopsis, Solyc07g008180.2.1 in to-
mato, and LOC Os12g42610.1 (OsYABBY6) in rice were
previously reported to be involved in the regulation of
plant growth [35–37] (Fig. 5b). Additionally, YABBY
transcription factors have been reported to be associated
with tomato fruit size [36, 38]. Therefore,
MELO3C004493 might be a candidate gene for the fruit
size in chromosome 5.
Discussion
Genetic linkage maps are important tools for studying
the genetic regularity of agronomic traits and the gen-
ome structure. The first molecular marker linkage map
of melon was reported in 1996 mainly using of random
(See figure on previous page.)
Fig. 4 The identification and analysis of MELO3C025758. a The multiple-effect QTL for fruit weight and fruit diameter in WAP (‘JL475’ × ‘YS474’). b
Distribution of nucleotide diversity (π) of wild and cultivated agrestis around the bin855. c Phylogenetic tree of MELO3C025758 and its
orthologues in rice (Oryza sativa), Arabidopsis (Arabidopsis thaliana), tomato (Solanum lycopersicum), potato (Solanu tuberosum), pumpkin
(Cucurbita moschata), watermelon (Citrullus lanatus) and cucumber (Cucumis sativus). The bootstrap value (100 replications) was listed on the
main clades. d Gene structure of MELO3C025758, line means intron, rectangle means exon and the short red line indicates the position of two
adjoint SNPs. Genotyping of the non-synonymous substitution of MELO3C025758 in six dicots. The genes listed out are all the best hit genes of
MELO3C025758 (Cucumis sativus: CsaV3_6G021720, Citrullus lanatus: Cla000557, Cucurbita moschata: CmoCh20G005090, Cucurbita moschata:
CmoCh02G008800, Arabidopsis thaliana: AT5G60450, Solanum lycopersicum: Solyc11g069190, Solanum tuberosum: PGSC0003DMC400014194, Solanum
tuberosum: PGSC0003DMC400014193). e qRT-PCR analysis of MELO3C025758 in flesh tissue (15 days after pollination), C1-C6 and W1-W3 represent
the cultivated and wild accessions, respectively. The distribution of fruit weight (f) and fruit diameter (g) with three different genotypes that
composed by two adjoint SNPs (CA, GC and SM, in which SM means both two SNPs are heterozygous) in WAP, each box represents the mean
and interquartile range. P-value was marked (T-test, two tail)
Fig. 5 The identification and analysis of MELO3C004493. a The multiple-effect QTL for fruit weight and fruit length in MAP (‘HG118’ × ‘SD119’). b
Phylogenetic tree of MELO3C004493 (black dot) and its orthologues in rice (dark green dot), Arabidopsis (purple dot), tomato (yellow dot), potato
(orange dot), pumpkin (blue dot), watermelon (red dot) and cucumber (green dot)
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amplified polymorphic DNA (RAPD) and restriction
fragment length polymorphism (RFLP) markers, but the
markers did not cover the 12 melon chromosomes [39].
In the past, a number of molecular genetic maps were
constructed [11, 15, 17, 19, 29, 40, 41]. The rapid devel-
opment of molecular biology techniques and next-
generation sequencing have accelerated the construction
of genetic maps in melon. WGR is a genotyping method
based on sequencing that was used to detect recombin-
ation breakpoints and construct genetic maps, which is
more accurate compared with marker-based genotyping
methods [42–44]. In this study, we constructed two
high-density genetic maps based on WGR with millions
of SNPs that show differences between parents of
‘JL475’ × ‘YS474’ (WAP) and ‘HG118’ × ‘SD119’ (MAP).
A high consistency between the genetic and physical po-
sitions was observed in both WAP and MAP. Further-
more, two reported genes CmACS7 for monoecy and
CmOr for flesh color were located in or adjacent to the
regions of QTLs we mapped [22, 24, 29], suggesting that
the high-density markers in the genetic maps using
WGR could be efficient in QTL mapping.
Segregation distortion violates the classic separation of
Mendelian law, showing a deviation between genotypic
frequencies and their expected values [45]. It is a quite
common phenomenon in nature and was identified as a
powerful evolutional force [46]. Some factors including
mapping population, relationships between the parents,
and marker types could positively influence the segrega-
tion distortion [47]. Segregation distorted loci tend to be
clustered and form SDRs. Next-generation sequencing
provided a huge number of SNPs to construct ultra-
high-density genetic maps, which make it possible to
scan SDRs with high resolution. In the present study, we
found that 7 SDRs contained 14 bins in WAP and
chromosome 10 contained the highest proportion of
bins with SDRs (1 SDR in chr 2, 1 SDR in chr 7, 5 SDRs
in chr 10) (Table S2). Meanwhile, we observed 16 SDRs
with 41 bins in MAP, and most of the SDRs existed on
chromosome 2 (6 SDRs in chr 2, 1 SDR in chr 3, 1 SDR
in chr 5, 3 SDRs in chr 8, 1 SDR in chr 9, 2 SDR in chr
10, 1 SDR in chr 11, 1 SDR in chr 12) (Table S3). Inter-
estingly, all the SDRs in WAP tend to the male geno-
type, but a different trend was observed in various SDRs
in MAP. We further performed gene ontology (GO) ana-
lysis to study the functional categories of the genes
within the SDRs. Genes in SDRs of WAP were associ-
ated with plant resistance to environmental stresses,
which may provide clues for further exploring related re-
sistant genes. However, in MAP, genes located in SDRs
were involved in plant growth and development, which
might contribute to the determination of diverse agro-
nomic traits between melo and agrestis. Ren et al. [47]
also reported that all markers within the SDRs on
chromosomes 1, 2, 3, 4, 5, 7, 8 and 9 were related to the
cultivated parent and markers within the SDRs on
chromosome 10 were tend to the wild parent. The gen-
omic differences between cultivated and wild types may
cause the severe segregation distortion. Segregation dis-
tortion in plants may be connected with the genetic
background of parental lines used for population con-
struction. Some researchers have suggested that segrega-
tion distortion is related with genetic hitch-hiking effect,
which means that the frequencies of genes closely linked
with the selected genes [48, 49]. The evolution of segre-
gation distortion changes the allele frequency and geno-
type frequency from generation to generation, which
would ultimately lead to reproductive isolation and spe-
ciation. The genes located in segregation distortion re-
gions can contribute to improve the adaptation to the
environment during the evolution [49].
Fruit size is one of the most important domestication
and differentiation traits in melon, and seems to be a
more complex controlling by polygenes. Pan et al. [50]
summarized 105 fruit size (FS), 103 fruit shape index
(FSI), and 57 fruit weight (FW) QTLs in melon from 19
previous studies. The QTLs were distributed across all
12 chromosomes (the most in Chr6 and Chr8), which
seems consistent with the higher genetic diversity of
melon fruits [11, 17, 19, 29, 50]. However, many of these
QTLs were detected in a few studies, and the physical
intervals for most QTLs are still very large. The popula-
tions in previous studies were commonly originated
from the crosses between members of cultivated melo
and agrestis [10, 11, 19, 29]. Though, Díaz et al. [17]
used a F2 segregating population derived from a cross of
wild agrestis and cultivated melo for QTL-mapping of
domestication-related traits with 128 SNP-based
markers. Given the independent domestication in sub-
species agrestis and melo, it is meaningful to perform
QTLs using the population derived from the wild and
cultivated in the same subspecies. A higher resolution
QTL analysis map is still needed, and the genetic re-
search of domestication and differentiation still needs to
reach the gene level.
In our study, we performed QTL analysis for fruit size
with two F2 populations derived from two crosses (culti-
vated agrestis × wild agrestis and cultivated melo × culti-
vated agrestis). These two crosses are good choice for
studying the genetics of melon domestication and differ-
entiation. We identified a major QTL for fruit size on
chromosome 11 in WAP, a gene MELO3C025758 (en-
codes an auxin response factor) was located in the over-
lapping region for fruit weight and fruit diameter (Fig.
4a). Auxin is essential in determining final fruit size
through the control of cell division and cell enlargement
[32, 51, 52]. The most rapid period of cell enlargement
in melon is 10–15 days after pollination. So, we chose
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15 days after pollination to perform qRT-PCR of
MELO3C025758 under our cultivated environment. We
found that MELO3C025758 exhibited a higher expres-
sion in wild accessions than in cultivated accessions, and
a negative correlation with fruit diameter and fruit
weight (Fig. S7), suggesting it might have been selected
during melon domestication. A number of researches
have demonstrated the role of specific auxin response
factors in early stages of fruit development [53–55]. We
also identified a candidate gene encoding a YABBY tran-
scription factor (MELO3C004493) in a 115.9 Kb QTL
interval for fruit size on chromosome 5 in the MAP
population (Fig. 5a). The YABBY-like transcription fac-
tor has been reported to be related to the evolution of
tomato fruit size during domestication, suggesting it
may play an important role in fruit size of melon [29, 36,
38]. Therefore, the identified gene MELO3C004493 is a
good candidate gene for fruit size in melon. In addition,
the same candidate gene was identified with ‘Graded-
Pool-Seq mapping analysis’ [30] in this study, suggesting
that ‘GradedPool-Seq mapping analysis’ could be used as
an alternative strategy for QTL analysis and gene discov-
ery. Further studies are nevertheless necessary to corrob-
orate our hypotheses on the importance of both genes to
melon domestication and differentiation. Taken to-
gether, our study presents a reliable genetic map, which
will ultimately support future melon breeding projects
using marker-assisted selection.
Conclusions
In this study, we constructed two high-density genetic
maps (WAP and MAP) using whole-genome resequen-
cing. 1,871,671 and 1,976,589 high quality SNPs with a
total of 5138 and 5839 recombination events were ob-
tained in WAP and MAP respectively. The total lengths
of two linkage maps were 904.4 cM (WAP) and 874.5
cM (MAP), covering 86.6 and 87.4% of the melon gen-
ome. Two loci for fruit size were identified on chromo-
some 11 in WAP and chromosome 5 in MAP.
MELO3C025758 and MELO3C004493 were inferred to
be the candidate genes for both loci. The QTLs analyses
of fruit size-related traits will provide further insights into
the genetic mechanisms of melon.
Methods
Plant materials management
The mapping populations were developed from a cross
between ‘JL475’ (C. melo ssp. agrestis var. chinensis) and
wild melon ‘YS474’ (C. melo ssp. agrestis var. agrestis)
(WAP), and a cross between ‘HG118’ (Cucumis melo
ssp. melo var. chandalak) and ‘SD119’ (C. melo ssp.
agrestis var. conomon) (MAP). The parental lines, F1 and
two F2 populations were grown in the spring–summer
season of 2017 under greenhouse conditions in the
Institute of Vegetables and Flowers, Chinese Academy of
Agricultural Sciences, Beijing. Plants were grown under
natural light conditions. The green-house was main-
tained at daily temperatures between 17 and 33 °C, the
relative humidity of day/night was about 55/85%.
Flowers were artificial pollinated and tagged at anthesis
to register the total days of fruit ripening. Two fruits
were allowed to develop per plant in WAP, and one fruit
was allowed to develop per plant in MAP. Two hundred
individuals in each segregating F2 population were used
for mapping.
‘JL475’ is a Chinese cultivated agestis melon accession
with white peel and light orange flesh. ‘YS474’ is an In-
dian wild agestis genotype with small fruit (about 30 g).
‘HG118’ is a Chinese inbred line from the group chan-
dalak, with round fruits, yellow peel, light green flesh
and pleasant fruit aroma. ‘SD119’ is a Chinese landrace
from the group conomon, with elongated fruits, with
non-sweet, white peel and fruit flesh. (Fig. S1).
Phenotypic and genetic analysis
Mature fruits were weighed with a balance (0.1 g) and
cut longitudinally in the middle for measuring fruit
diameter (mm) and fruit length (mm) with a ruler. Flesh
color were evaluated visually following a technical speci-
fication for evaluating melon [16]. Frequency distribu-
tion analysis and graphic representations were
performed using SPSS (24.0) software and R program
v3.1.2, respectively.
Genome sequencing
Genomic DNA was extracted from young leaves based
on the CTAB procedure [56]. Whole-genome paired-
end sequencing was performed on the Illumina HiSeq X
Ten platform, with a library insert size of 250–300 bp
and a read length of 150 bp.
Recombination map construction
After removing the adapter and filter out low quality
reads, we mapped the short reads against the reference
genome [14] with BWA-aln, using the default parame-
ters [57]. The samtools and bcftools programs were ap-
plied to generate the genotype of all the loci on the
genome, with the default settings [58].
Firstly, we detected loci showing bi-allelic, homozy-
gous and polymorphic between parents, then, we filtered
out the loci with the following criteria: quality ≥20,
MQ ≥ 20. Secondly, the genotypes of above-mentioned
loci were extracted from F2 individuals. To avoid the
bias that may be brought by gene conversion or sequen-
cing error, a hidden Markov model was used to impute
genotypes of recombinant chromosome fragments for all
the F2 individuals based on observed genotypes of SNPs
as described previously [59]. A region located between
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two adjacent blocks with different genotypes was defined
as a crossover. Finally, the bin map was constructed
based on the boundary of all recombinant chromosome
fragments and the bins with length below 30 Kb were
excluded to avoid false recombination [28].
Genetic map construction
The software MSTMap was used for constructing a link-
age map with the parameters “p value = 0.0000001,
missing threshold = 0.2, distance function = kosambi,
objective function = ML” [60].
QTL analysis
QTL analysis was performed using R/qtl, a software
package for mapping quantitative trait loci [58]. We se-
lected the composite interval mapping with the cim
function. LOD thresholds determined based on the 1000
permutations (P < 0.05) for every trait with the function
of permutation in R/qtl. The support interval of a QTL
was defined by the region of peak LOD bin and the bi-
lateral bins. The variation explained and the additive ef-
fect of each QTL detected from the data set was
estimated using the fitqtl function. QTLs with overlap-
ping support intervals for the same trait were considered
as a single QTL.
GradedPool-Seq mapping analysis
According to the recommendation from Wang et al.
[30], it is appropriate to select 20–30% total individuals
as a bulk. Firstly, we ranked the phenotype values from
high to low. Then, we divided all the ranked individuals
into four pools with the criteria that about a quarter of
total individuals in each pool. According to this criter-
ion, the F2 populations were pooled based on the pheno-
type values from low to high both in WAP (Fruit weight:
25-85 g, 86-126 g, 127-160 g, 162-353 g. Diameter: 3.0–
4.9 cm, 5.0–5.5 cm, 5.6–6.0 cm, 6.1–7.8 cm) and MAP
(Fruit weight: 300-628 g, 630-777 g, 782-1059 g, 1060-
1942 g. Fruit length: 7.9–14.5 cm, 14.6–16.7 cm, 16.8–
18.9 cm, 19-28 cm). Next, we merged their sequencing
data for every mixed pool, in this way, we aligned the
merged reads to reference genome and calculated the
depth for each variant. After filtering the variants with
low quality and depth using default parameters, we cal-
culated the p-values with Ridit analysis for each variant.
At last, to reduce the background noise, we set the slid-
ing window size to 400 Kb and the candidate region was
set as the peak interval and the 200 Kb region extant
from both sides as reported by Wang et al. [30]. All the
codes and parameters about GPS-mapping analysis are
available in GitHub (https://github.com/sctang1991/
GPS-pipeline).
Phylogenetic tree construction
We selected the best hit genes amino acid sequence in
Arabidopsis, rice, potato, tomato, pumpkin, watermelon
and cucumber using blast with default settings. The
multiple sequence alignment was obtained using clus-
talW in MEGA 6.0 software [61]. Next, the maximum
likelihood algorithm was used to construct the phylo-
genetic tree with 100 of bootstrap value in MEGA [62].
Nucleotide diversity analysis
Taking advantage of the whole genome result of nucleo-
tide diversity analysis from Zhao et al. [16], we selected
the target region around our candidate genes and
graphed it with R script.
Quantitative real-time PCR analysis (qRT-PCR)
Fruit flesh samples (about 0.2 g) were collected 15 days
after pollination, frozen immediately in liquid nitrogen
and stored at − 80 °C until use for RNA extraction. Total
RNA was extracted from the flesh as described in the
TRI reagent protocol (Takara Bio Inc., Japan). For all
samples, total RNA (1 μg) was converted to cDNA using
PrimeScript™ 1st Strand cDNA Synthesis Kits (Takara)
according to the manufacturer’s instructions. Specific
primers were designed using Primer Premier 6.0 (http://
www.premierbiosoft.com/primerdesign/index.html).
Gene-specific primers used for qRT-PCR were shown in
Table 2. All reactions were performed with SYBR Prime-
Script™ RT-PCR Kits (Takara Bio Inc., Shiga, Japan) ac-
cording to the manufacturer’s instructions. Quantitative
RT-PCR was conducted with a LightCycler® 96 Instru-
ment (Roche, Mannheim, Germany).
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‘HG118’ (Cucumis melo ssp. melo var. chandalak) and ‘SD119’ (C. melo ssp.
agrestis var. conomon) (MAP), and a cross between ‘JL475’ (C. melo ssp.
agrestis var. chinensis) and wild melon ‘YS474’ (C. melo ssp. agrestis var.
agrestis) (WAP). The scale bar means 1 cm. Figure S2. The genome
landscape of variations in the parental lines. Figure S3. The distribution
of bins in WAP (‘JL475’ × ‘YS474’). Figure S4. The distribution of bins in
MAP (‘HG118’ × ‘SD119’). Figure S5. Frequency distributions of fruit
weight, fruit length, and fruit diameter in two F2 populations. Figure S6.
GPS-mapping of MELO3C025758 in WAP. Figure S7. The correlation be-
tween gene expression (MELO3C025758) and fruit weight (A) and fruit
diameter (B) in 9 diverse melon accessions including 6 cultivated agrestis
(Chinese landraces from the group C. melo ssp. agrestis var. chinensis) (or-
ange dot) and 3 wild agrestis accessions (green dot). Table S1. The sum-
mary of sequencing statistics. Table S2. The SDRs in WAP
(‘JL475’ × ‘YS474’). Table S3. The SDRs in MAP (‘HG118’ × ‘SD119’). Table
S4. The result of GO enriches of genes in SDRs in WAP (‘JL475’ × ‘YS474’)
Table S5. The result of GO enriches of genes in SDRs in MAP
(‘HG118’ × ‘SD119’).
Acknowledgements
We are very grateful to Sonia Negrao (School of Biology & Environmental
Science, University College Dublin) for her valuable suggestions and Henan
Key Laboratory of Fruit and Cucurbit Biology for providing experimental
platform.
Authors’ contributions
HW, GZ and JG-M designed studies and contributed to the original concept
of the project. YX, YH, CX and BC managed the project. QL and CW per-
formed the bioinformatics. QF, HW, ZH, AZ and JZ contributed to the collec-
tion of the melon accessions and performed phenotyping. QF, GZ and QL
prepared the figures, tables and drafted the manuscript. The author(s) read
and approved the final manuscript.
Funding
This work was supported by the National Key Research and Development
Program of China (2020YFD1000300), the China Agriculture Research System
of Watermelon and Melon (CARS-25), the Agricultural Science and
Technology Innovation Program of the Chinese Academy of Agricultural
Sciences (CAAS-ASTIP-IVFCAAS, CAAS-ASTIP-2016-ZFRI-06), special funds for
science technology innovation and industrial development of Shenzhen
Dapeng New District (RC201901–05), and Shenzhen Science and Technology
Program (KQTD2016113010482651).
Availability of data and materials
The datasets used and/or analysed during the current study are available
from the corresponding author on reasonable request, and all the
sequencing data were submitted to NCBI Sequence Read Archive database
under accession number PRJNA685284.
Declarations





The authors declare that they have no conflict of interests.
Author details
1Key Laboratory of Biology and Genetic Improvement of Horticultural Crops
of the Ministry of Agriculture and Rural Affairs, Institute of Vegetables and
Flowers, Chinese Academy of Agricultural Sciences, 100081 Beijing, China.
2Shenzhen Branch, Guangdong Laboratory for Lingnan Modern Agriculture,
Genome Analysis Laboratory of the Ministry of Agriculture, Agricultural
Genomics Institute at Shenzhen, Chinese Academy of Agricultural Sciences,
Shenzhen 518000, China. 3Henan Key Laboratory of Fruit and Cucurbit
Biology, Zhengzhou Fruit Research Institute, Chinese Academy of Agricultural
Sciences, Zhengzhou 450009, China. 4National Center for Gene Research, CAS
Center for Excellence in Molecular Plant Sciences, Shanghai 200000, China.
5Shenyang Agricultural University, College of Horticulture, Shenyang 110866,
China. 6Design Gollege, Zhoukou Normal University, Zhoukou 466000, China.
7Centre for Research in Agricultural Genomics CSIC-IRTA-UAB-UB, Barcelona,
Spain. 8Institut de Recerca i Tecnologia Agroalimentàries (IRTA), Barcelona,
Spain.
Received: 9 December 2020 Accepted: 24 February 2021
References
1. Pitrat M. Melon. In: Prohens J, Nuez F, editors. Vegetables I: Asteraceae,
Brassicaceae, Chenopodicaceae, and Cucurbitaceae. New York: Springer
Science and Business Media LLC; 2008. p. 283–305.
2. Fernández-Trujillo JP, Picó B, Garcia-Mas J, Álvarez JM, Monforte AJ.
Breeding for Fruit Quality in Melon. In: Jenks MA, Bebeli PJ, editors. Breeding
for Fruit Quality. New York: Wiley; 2011. p. 261–73.
3. Leida C, Moser C, Esteras C, Sulpice R, Lunn JE, de Langen F, Monforte AJ,
Pico B. Variability of candidate genes, genetic structure and association with
sugar accumulation and climacteric behavior in a broad germplasm
collection of melon (Cucumis melo L.). BMC Genet. 2015;16:1–17 https://doi.
org/10.1186/s12863-015-0183-2.
4. Gonzalo MJ, Oliver M, Garcia-Mas J, Monfort A, Dolcet-Sanjuan R, Katzir N,
Arus P, Monforte AJ. Simple-sequence repeat markers used in merging
linkage maps of melon (Cucumis melo L.). Theor Appl Genet. 2005;110:802–
11 https://doi.org/10.1007/s00122-004-1814-6.
5. Cuevas HE, Staub JE, Simon PW, Zalapa JE, McCreight JD. Mapping of
genetic loci that regulate quantity of beta-carotene in fruit of US western
shipping melon (Cucumis melo L.). Theor Appl Genet. 2008;117:1345–59
https://doi.org/10.1007/s00122-008-0868-2.
6. Fernandez-Silva I, Eduardo I, Blanca J, Esteras C, Pico B, Nuez F, Arus P,
Garcia-Mas J, Monforte AJ. Bin mapping of genomic and EST-derived SSRs
in melon (Cucumis melo L.). Theor Appl Genet. 2008;118:139–50 https://doi.
org/10.1007/s00122-008-0883-3.
7. Fukino N, Ohara T, Monforte A, Sugiyama M, Sakata Y, Kunihisa M,
Matsumoto S. Identification of QTLs for resistance to powdery mildew and
SSR markers diagnostic for powdery mildew resistance genes in melon
(Cucumis melo L.). Theor Appl Genet. 2008;118:165–75 https://doi.org/10.1
007/s00122-008-0885-1.
8. Cuevas HE, Staub JE, Simon PW, Zalapa JE. A consensus linkage map
identifies genomic regions controlling fruit maturity and beta-carotene-
associated flesh color in melon (Cucumis melo L.). Theor Appl Genet. 2009;
119:741–56 https://doi.org/10.1007/s00122-009-1085-3.
9. Deleu W, Esteras C, Roig C, Gonzalez-To M, Fernandez-Silva I, Gonzalez-Ibeas
D, Blanca J, Aranda MA, Arus P, Nuez F, et al. A set of EST-SNPs for map
saturation and cultivar identification in melon. BMC Plant Biol. 2009;9:90
https://doi.org/10.1186/1471-2229-9-90.
10. Harel-Beja R, Tzuri G, Portnoy V, Lotan-Pompan M, Lev S, Cohen S, Dai N,
Yeselson L, Meir A, Libhaber SE. A genetic map of melon highly enriched
with fruit quality QTLs and EST markers, including sugar and carotenoid
metabolism genes. Theor Appl Genet. 2010;121:511–33 https://doi.org/10.1
007/s00122-010-1327-4.
11. Díaz A, Fergany M, Formisano G, Ziarsolo P, Blanca J, Fei ZJ, Staub JE, Zalapa
JE, Cuevas HE, Dace G, et al. A consensus linkage map for molecular
markers and quantitative trait loci associated with economically important
traits in melon (Cucumis melo L.). BMC Plant Biol. 2011;11:111 https://doi.
org/10.1186/1471-2229-11-111.
12. Yuste-Lisbona FJ, Capel C, Sarria E, Torreblanca R, Gómez-Guillamón ML,
Capel J, Lozano R, López-Sesé AI. Genetic linkage map of melon (Cucumis
melo L.) and localization of a major QTL for powdery mildew resistance. Mol
Breed. 2011;27:181–92 https://doi.org/10.1007/s11032-010-9421-5.
13. Garcia-Mas J, Benjak A, Sanseverino W, Bourgeois M, Mir G, González VM,
Hénaff E, Câmara F, Cozzuto L, Lowy E, et al. The genome of melon
(Cucumis melo L.). Proc Natl Acad Sci U S A. 2012;109:11872–7 https://doi.
org/10.1073/pnas.1205415109.
14. Argyris JM, Ruiz-Herrera A, Madriz-Masis P, Sanseverino W, Morata J, Pujol M,
Ramos-Onsins SE, Garcia-Mas J. Use of targeted SNP selection for an
improved anchoring of the melon (Cucumis melo L.) scaffold genome
assembly. BMC Genomics. 2015;16:4 https://doi.org/10.1186/s12864-014-11
96-3.
Lian et al. BMC Plant Biology          (2021) 21:126 Page 11 of 13
15. Diaz A, Forment J, Argyris JM, Fukino N, Tzuri G, Harel-Beja R, Katzir N,
Garcia-Mas J, Monforte AJ. Anchoring the consensus ICuGI genetic map to
the melon (Cucumis melo L.) genome. Mol Breed. 2015;35:188 https://doi.
org/10.1007/s11032-015-0381-7.
16. Zhao GW, Lian Q, Zhang ZH, Fu QS, He YH, Ma S, Ruggieri V, Monforte
AJ, Wang PY, Julca I, et al. A comprehensive genome variation map of
melon identifies multiple domestication events and loci influencing
agronomic traits. Nat Genet. 2019;51:1607 https://doi.org/10.1038/s41
588-019-0522-8.
17. Diaz A, Martin-Hernandez AM, Dolcet-Sanjuan R, Garces-Claver A, Alvarez
JM, Garcia-Mas J, Pico B, Monforte AJ. Quantitative trait loci analysis of
melon (Cucumis melo L.) domestication-related traits. Theor Appl Genet.
2017;130:1837–56 https://doi.org/10.1007/s00122-017-2928-y.
18. Galpaz N, Gonda I, Shem-Tov D, Barad O, Tzuri G, Lev S, Fei ZJ, Xu YM, Mao
LY, Jiao C, et al. Deciphering genetic factors that determine melon fruit-
quality traits using RNA-Seq-based high-resolution QTL and eQTL mapping.
Plant J. 2018;94:169–91 https://doi.org/10.1111/tpj.13838.
19. Pereira L, Ruggieri V, Perez S, Alexiou KG, Fernandez M, Jahrmann T, Pujol
M, Garcia-Mas J. QTL mapping of melon fruit quality traits using a high-
density GBS-based genetic map. BMC Plant Biol. 2018;18:324 https://doi.
org/10.1186/s12870-018-1537-5.
20. Zhang CQ, Ren Y, Guo SG, Zhang HY, Gong GY, Du YC, Xu Y. Application of
comparative genomics in developing markers tightly linked to the Pm-2F
gene for powdery mildew resistance in melon (Cucumis melo L.). Euphytica.
2013;190:157–68 https://doi.org/10.1007/s10681-012-0828-4.
21. Oumouloud A, El Otmani M, Álvarez JM. Molecular characterization of Fom-
1 gene and development of functional markers for molecular breeding of
resistance to Fusarium race 2 in melon. Euphytica. 2015;205:491–501 https://
doi.org/10.1007/s10681-015-1420-5.
22. Boualem A, Fergany M, Fernandez R, Troadec C, Martin A, Morin H, Sari MA,
Collin F, Flowers JM, Pitrat M, et al. A conserved mutation in an ethylene
biosynthesis enzyme leads to andromonoecy in melons. Science. 2008;321:
836–8 https://doi.org/10.1126/science.1159023.
23. Martin A, Troadec C, Boualem A, Rajab M, Fernandez R, Morin H, Pitrat M,
Dogimont C, Bendahmane A. A transposon-induced epigenetic change
leads to sex determination in melon. Nature. 2009;461:1135–9 https://doi.
org/10.1038/nature08498.
24. Feder A, Burger J, Gao S, Lewinsohn E, Katzir N, Schaffer AA, Meir A,
Davidovich-Rikanati R, Portnoy V, Gal-On A, et al. A kelch domain-containing
F-box coding gene negatively regulates flavonoid accumulation in
muskmelon. Plant Physiol. 2015;169:1714–26 https://doi.org/10.1104/pp.15.
01008.
25. Oren E, Tzuri G, Vexler L, Dafna A, Meir A, Faigenboim A, Kenigswald M,
Portnoy V, Schaffer AA, Levi A, et al. The multi-allelic APRR2 gene is
associated with fruit pigment accumulation in melon and watermelon. J
Exp Bot. 2019;70:3781–94 https://doi.org/10.1093/jxb/erz182.
26. Zhang CZ, Wang P, Tang D, Yang ZM, Lu F, Qi JJ, Tawari NR, Shang Y, Li CH,
Huang SW. The genetic basis of inbreeding depression in potato. Nat
Genet. 2019;51:374–8 https://doi.org/10.1038/s41588-018-0319-1.
27. Shen C, Wang N, Huang C, Wang MJ, Zhang XL, Lin ZX. Population
genomics reveals a fine-scale recombination landscape for genetic
improvement of cotton. Plant J. 2019;99:494–505 https://doi.org/10.1111/
tpj.14339.
28. Zhou Q, Miao H, Li S, Zhang SP, Wang Y, Weng YQ, Zhang ZH, Huang SW,
Gu XF. A sequencing-based linkage map of cucumber. Mol Plant. 2015;8:
961–3 https://doi.org/10.1016/j.molp.2015.03.008.
29. Monforte AJ, Diaz A, Caño-Delgado A, van der Knaap E. The genetic basis of
fruit morphology in horticultural crops: lessons from tomato and melon. J
Exp Bot. 2014;65:4625–37 https://doi.org/10.1093/jxb/eru017.
30. Wang CS, Tang SC, Zhan QL, Hou QQ, Zhao Y, Zhao Q, Feng Q, Zhou CC,
Lyu DF, Cui LL, et al. Dissecting a heterotic gene through GradedPool-seq
mapping informs a rice-improvement strategy. Nat Commun. 2019;10:2982
https://doi.org/10.1038/s41467-019-11017-y.
31. Gabaldon T, Koonin EV. Functional and evolutionary implications of gene
orthology. Nat Rev Genet. 2013;14:360–6 https://doi.org/10.1038/nrg3456.
32. Sagar M, Chervin C, Mila I, Hao YW, Roustan JP, Benichou M, Gibon Y, Biais
B, Maury P, Latche A, et al. SlARF4, an auxin response factor involved in the
control of sugar metabolism during tomato fruit development. Plant
Physiol. 2013;161:1362–74 https://doi.org/10.1104/pp.113.213843.
33. Williams L, Carles CC, Osmont KS, Fletcher JC. A database analysis method
identifies an endogenous trans-acting short-interfering RNA that targets the
Arabidopsis ARF2 and ARF4 genes. Proc Natl Acad Sci U S A. 2005;102:9703–
8 https://doi.org/10.1073/pnas.0504029102.
34. Saminathan T, Nimmakayala P, Manohar S, Malkaram S, Almeida A, Cantrell
R, Tomason Y, Abburi L, Rahman MA, Vajja VG, et al. Differential gene
expression and alternative splicing between diploid and tetraploid
watermelon. J Exp Bot. 2015;66:1369–85 https://doi.org/10.1093/jxb/eru486.
35. Sarojam R, Sappl PG, Goldshmidt A, Efroni I, Floyd SK, Eshed Y, Bowman JL.
Differentiating Arabidopsis shoots from leaves by combined YABBY
activities. Plant Cell. 2010;22:2113–30 https://doi.org/10.1105/tpc.110.075853.
36. Han HQ, Liu Y, Jiang MM, Ge HY, Chen HY. Identification and expression
analysis of YABBY family genes associated with fruit shape in tomato
(Solanum lycopersicum L.). Genet Mol Res. 2015;14:7079–91. https://doi.org/1
0.4238/2015.June.29.1.
37. Toriba T, Harada K, Takamura A, Nakamura H, Ichikawa H, Suzaki T, Hirano
HY. Molecular characterization the YABBY gene family in Oryza sativa and
expression analysis of OsYABBY1. Mol Gen Genomics. 2007;277:457–68
https://doi.org/10.1007/s00438-006-0202-0.
38. Cong B, Barrero LS, Tanksley SD. Regulatory change in YABBY-like
transcription factor led to evolution of extreme fruit size during tomato
domestication. Nat Genet. 2008;40:801–4 https://doi.org/10.1038/ng.144.
39. Baudraccoarnas S, Pitrat M. A genetic map of melon (Cucumis melo L.) with
RFLP, RAPD, isozyme, disease resistance and morphological markers. Theor
Appl Genet. 1996;93:57–64 https://doi.org/10.1007/BF00225727.
40. Pavan S, Marcotrigiano AR, Ciani E, Mazzeo R, Zonno V, Ruggieri V, Lotti C,
Ricciardi L. Genotyping-by-sequencing of a melon (Cucumis melo L.)
germplasm collection from a secondary center of diversity highlights
patterns of genetic variation and genomic features of different gene pools.
BMC Genomics. 2017;18:1–10 https://doi.org/10.1186/s12864-016-3429-0.
41. Chang CW, Wang YH, Tung CW. Genome-wide single nucleotide
polymorphism discovery and the construction of a high-density genetic
map for melon (Cucumis melo L.) using genotyping-by-sequencing. Front
Plant Sci. 2017;8:1–11 https://doi.org/10.3389/fpls.2017.00125.
42. Wang P, Zhou GL, Yu HH, Yu SB. Fine mapping a major QTL for flag leafsize
and yield-related traits in rice. Theor Appl Genet. 2011;123:1319–30 https://
doi.org/10.1007/s00122-011-1669-6.
43. Lim JH, Yang HJ, Jung KH, Yoo SC, Paek NC. Quantitative trait locus
mapping and candidate gene analysis for plant architecture traits using
whole genome re-sequencing in rice. Mol Cell. 2014;37:149 https://doi.org/1
0.14348/molcells.2014.2336.
44. Li BB, Lu XQ, Dou JL, Aslam A, Gao L, Zhao SJ, He N, Liu WG. Construction
of a high-density genetic map and mapping of fruit traits in watermelon
(Citrullus lanatus L.) based on whole-genome resequencing. Int Mol Sci.
2018;19:3268. https://doi.org/10.3390/ijms19103268.
45. Li HB, Kilian A, Zhou MX, Wenzl P, Huttner E, Mendham N, McIntyre L,
Vaillancourt RE. Construction of a high-density composite map and
comparative mapping of segregation distortion regions in barley. Mol
Gen Genomics. 2010;284:319–31 https://doi.org/10.1007/s00438-010-
0570-3.
46. Taylor DR, Ingvarsson PK. Common features of segregation distortion in
plants and animals. Genetica. 2003;117:27–35 https://doi.org/10.1023/A:1
022308414864.
47. Ren Y, McGregor C, Zhang Y, Gong GY, Zhang HY, Guo SG, Sun HH, Cai WT,
Zhang J, Xu Y. An integrated genetic map based on four mapping
populations and quantitative trait loci associated with economically
important traits in watermelon (Citrullus lanatus). BMC Plant Biol. 2014;14:33
https://doi.org/10.1186/1471-2229-14-33.
48. Harr B, Kauer M, Schlötterer C. Hitchhiking mapping: a population-based
fine-mapping strategy for adaptive mutations in Drosophila melanogaster.
Proc Natl Acad Sci U S A. 2002;99:12949–54 https://doi.org/10.1073/pnas.043
7362100.
49. Liu HM, Sorensen AC, Meuwissen THE, Berg P. Allele frequency changes due
to hitch-hiking in genomic selection programs. Genet Sel Evol. 2014;46:8
https://doi.org/10.1186/1297-9686-46-8.
50. Pan YP, Wang YH, McGregor C, Liu S, Luan FS, Gao ML, Weng YQ. Genetic
architecture of fruit size and shape variation in cucurbits: a comparative
perspective. Theor Appl Genet. 2020;133:1–21 https://doi.org/10.1007/
s00122-019-03481-3.
51. Wong LM, Abel S, Shen N, de la Foata M, Mall Y, Theologis A. Differential
activation of the primary auxin response genes, ps-iaa4/5 and ps-iaa6,
during early plant development. Plant J. 1996;9:587–99 https://doi.org/10.1
046/j.1365-313X.1996.9050587.x.
Lian et al. BMC Plant Biology          (2021) 21:126 Page 12 of 13
52. Inzé D, De Veylder L. Cell cycle regulation in plant development1. Annu Rev
Genet. 2006;40:77–105 https://doi.org/10.1146/annurev.genet.40.110405.
090431.
53. Wang H, Jones B, Li ZG, Frasse P, Delalande C, Regad F, Chaabouni S,
Latche A, Pech JC, Bouzayen M. The tomato aux/IAA transcription factor
IAA9 is involved in fruit development and leaf morphogenesis. Plant Cell.
2005;17:2676–92 https://doi.org/10.1105/tpc.105.033415.
54. Goetz M, Vivian-Smith A, Johnson SD, Koltunow AM. AUXIN RESPONSE
FACTOR8 is a negative regulator of fruit initiation in Arabidopsis. Plant Cell.
2006;18:1873–86 https://doi.org/10.1105/tpc.105.037192.
55. de-Jong M, Mariani C, Vriezen WH. The role of auxin and gibberellin in tomato
fruit set. J Exp Bot. 2009;60:1523–32 https://doi.org/10.1093/jxb/erp094.
56. Lv JC, Fu QS, Lai Y, Zhou MD, Wang HS. Inheritance and gene mapping of
spotted to non-spotted trait gene CmSp-1 in melon (Cucumis melo L. var.
chinensis Pangalo). Mol Breed. 2018;38:105 https://doi.org/10.1007/s11032-01
8-0860-8.
57. Li H, Durbin R. Fast and accurate short read alignment with burrows-
wheeler transform. Bioinformatics. 2009;25:1754–60 https://doi.org/10.1093/
bioinformatics/btp324.
58. Broman KW, Wu H, Sen S, Churchill GA. R/QTL: QTL mapping in
experimental crosses. Bioinformatics. 2003;19:889–90 https://doi.org/10.1
093/bioinformatics/btg112.
59. Xie WB, Feng Q, Yu HH, Huang XH, Zhao QA, Xing YZ, Yu SB, Han B, Zhang
QF. Parent-independent genotyping for constructing an ultrahigh-density
linkage map based on population sequencing. Proc Natl Acad Sci U S A.
2010;107:10578–83 https://doi.org/10.1073/pnas.1005931107.
60. Wu YH, Bhat PR, CloseTJ LS. Efficient and accurate construction of genetic
linkage maps from the minimum spanning tree of a graph. PLoS Genet.
2008;4:e1000212 https://doi.org/10.1371/journal.pgen.1000212.
61. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: molecular
evolutionary genetics analysis version 6.0. Mol Biol Evol. 2013;30:2725–9
https://doi.org/10.1093/molbev/mst197.
62. Jin YZ, Zhang C, Liu W, Qi HY, Chen H, Cao SX. The cinnamyl alcohol
dehydrogenase gene family in melon (Cucumis melo L.), bioinformatic
analysis and expression patterns. PLoS One. 2014;9:e101730 https://doi.org/1
0.1371/journal.pone.0101730.
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.
Lian et al. BMC Plant Biology          (2021) 21:126 Page 13 of 13
